Endoglin is a transforming growth factor b (TGFb) superfamily auxiliary receptor. We had previously shown that it suppressed prostate cancer (PCa) cell motility, and that its expression was lost during PCa progression. The mechanism by which endoglin inhibits PCa cell motility is unknown. Here we demonstrate that endoglin abrogates TGFb-mediated cell motility, but does not alter cell surface binding of TGFb. By measuring Smad-specific phosphorylation and Smad-responsive promoter activity, endoglin was shown to constitutively activate Smad1, with little-to-no effect upon Smad3. Knockdown of Smad1 increased motility and abrogated endoglin's effects. As type I activin receptor-like kinases (ALKs) are necessary for Smad activation, we went on to show that knockdown of ALK2, but not TGFbRI (ALK5), abrogated endoglinmediated decreases in cell motility and constitutively active ALK2 was sufficient to restore a low-motility phenotype in endoglin deficient cells. These findings provide the first evidence that endoglin decreases PCa cell motility through activation of the ALK2-Smad1 pathway.
Introduction
Death from prostate cancer (PCa) is due to the formation of metastases (Carroll et al., 2001) . The metastatic behavior of cells is heavily dependent upon the cellular functions of migration and invasion (Poste and Fidler, 1980; Bissell and Radisky, 2001) . Using gene arrays to identify regulators of PCa cell motility, we uniquely identified endoglin (ENG) (Jovanovic et al., 2001) . ENG is a 180 kDa homodimeric type I transmembrane transforming growth factor b (TGFb) binding protein (Cheifetz et al., 1992) . We demonstrated that ENG expression was lost during PCa cell progression, and that this led to increased cell invasion and migration (Liu et al., 2002) . The mechanism by which ENG regulates PCa cell motility is not known.
ENG has been shown to bind TGFb through interaction with other TGFb superfamily receptors (Barbara et al., 1999) . Canonical TGFb signaling minimally involves a heteromeric complex involving type II (RII) and type I (RI) serine/threonine kinase receptors, resulting in RI activation, which in turn phosphorylates/activates Smad transcription factors (Shi and Massague, 2003) . ENG is considered an accessory TGFb superfamily receptor, and studies in endothelial cells suggest that it plays a vital role in regulating whether activin receptor-like kinase 1 (ALK1) versus ALK5 RI subtypes are activated in response to TGFb (Lebrin et al., 2004; Blanco et al., 2005; Pece-Barbara et al., 2005) .
The current study was undertaken to elucidate the mechanism by which ENG regulated PCa cell motility. In addition to inhibiting PCa cell motility, we show that ENG abrogates TGFb-induced cell motility. Further, ENG was shown to activate Smad1, and Smad1 was shown to inhibit PCa cell motility. Finally, Smad1 and ALK2, an RI subtype, were shown to be necessary for ENG's anti-motility effects.
Results

ENG inhibits TGFb-induced prostate cell motility
Human PC3-M PCa cells possess nearly undetectable levels of ENG and exhibit a high degree of cell motility (migration and invasion) (Liu et al., 2002) . In PC3-M cells transfected with either wild-type ENG or emptycontrol vector (VC), TGFb1 significantly increased both cell migration and invasion through gelatin in VC cells (Figure 1a and b) . However, in ENG cells, migration and invasion were significantly reduced compared to VC cells, and there was complete abrogation of TGFbmediated increases.
To determine if ENG-associated abrogation of TGFb-mediated cell motility was a consequence of altered TGFb1 binding, we utilized flow cytometry to quantify cell surface bound biotinylated TGFb1 in the presence or absence of ENG (Figure 2 ). While a fivefold increase in cell surface type II TGFb receptor (TGFbRII) expression was associated with an increase in TGFb1 binding, a 13-fold increase in ENG did not alter TGFb1 binding, compared to VC cells (Figure 2a and b). The specificity of biotinylated TGFb1 binding was demonstrated by showing that it's binding was much greater than that of either biotinylated negative control protein, or of biotinylated TGFb1 in the presence of TGFb1 blocking antibody, in VC, ENG or TGFbRII cells (Figure 2c -e).
ENG promotes Smad1 signaling
We next evaluated the ability of ENG to activate Smads. In the absence of TGFb1, phosphorylated Smad1, -2 and -3 (pSmad1, -2, -3) levels were all low in VC cells, while in ENG cells, pSmad1 levels were elevated (Figure 3a ). In the presence of TGFb1, levels of pSmad1, -2 and -3 all increased in both VC and ENG cells. However, comparison of VC and ENG cells treated with TGFb1 reveals that in ENG cells pSmad1 levels were elevated, whereas there was little-to-no change in pSmad2 and -3 levels. Importantly, the levels of total Smad1, -2 and -3 protein were unaltered by TGFb1 treatment or ENG status.
The functional significance of ENG-mediated activation of Smad1 was evaluated next by measuring Smad1 and Smad3 promoter activity. As shown in Figure 3b , ENG increased Smad1-responsive BRE2-luciferase (BRE2) activity over threefold relative to VC. Importantly, exogenous TGFb1 did not affect BRE2 promoter activity, nor did it affect ENG-mediated activation of BRE2. In contrast, ENG had little-to-no effect on Smad3-responsive CAGA12-luciferase (CAGA12) activity (Figure 3c ). Further, TGFb1-mediated activation of CAGA12 was concentration dependent, and was essentially unaffected by ENG status. These findings demonstrate that ENG can selectively enhance Smad1 signaling, and that was not affected by exogenous TGFb1 concentrations, which activate Smad3 signaling.
The above findings supported the notion that Smad1 and Smad3 have opposing effects upon cell motility. If this were true, then relative increases in Smad3 should promote motility, while relative increases in Smad1 should inhibit it. This was shown to be the situation by transfecting cells with different ratios of Smad3 and Smad1 plasmid, and measuring the effect upon cell invasion (Figure 3d ). Compared to the situation where equal amounts of Smad3 and Smad1 were used, increases in Smad3 increased invasion by nearly twofold, while increases in Smad1 decreased invasion to 64%. By performing Smad1 and -3 promoter assays (Figure 3e ), and by measuring protein expression by western blot (Figure 3f ), the functional activity and protein expression level of individual Smad constructs was shown to vary in accordance with the amount of construct used during transfection. These findings further support the notion that Smad3 promotes cell motility, while Smad1 inhibits it. They also suggest that the ratio of Smad3 to Smad1 is an important determinant of motility.
Smad1 is necessary for endoglin-mediated regulation of cell motility A series of experiments were performed to determine if Smad1 was necessary for ENG-mediated inhibition of PCa cell motility. Cell migration (Figure 4a ) and invasion ( Figure 4b ) were decreased by either ENG or Smad1, and further decreased by the combination of ENG and Smad1. Importantly, with ENG, Smad1 or the combination of ENG and Smad1, similar levels of cell motility were observed irrespective of TGFb1 treatment status. In contrast, in VC cells, TGFb1 increased motility. These findings demonstrate that Smad1 and ENG have similar effects upon cell motility, and raise the notion that Smad1 may be necessary for ENG function.
If Smad1 was necessary for ENG function, then its knockdown by small-interfering RNA (siRNA) should abrogate ENG-mediated effects upon cell motility. The efficacy and specificity of siRNA to Smad1 (siSd1) was first confirmed (Supplementary Figure 1) . Knockdown Endoglin inhibits motility through ALK2-Smad1 CS Craft et al of Smad1 was then shown to significantly increase cell migration ( Figure 4c ) and invasion (Figure 4d ) in the presence or absence of TGFb1 in VC cells, compared to cells treated with nontargeting siRNA (siNeg). Importantly, while ENG decreased both migration and invasion, siSd1 completely abrogated ENG's effects, in the presence or absence of TGFb1. These findings demonstrate that Smad1 is necessary for ENG-mediated inhibition of PCa cell motility.
ENG-mediated regulation of cell motility requires the ALK2 receptor ENG lacks a consensus kinase domain (Gougos and Letarte, 1990) making it unlikely that it directly activates Smad1. However, the TGFb superfamily RI subtypes, ALK1 and ALK5, have kinase activity, and in endothelial cells have been shown to interact with ENG, resulting in augmented Smad signaling (Lebrin et al., 2004; Blanco et al., 2005) . Utilizing quantitative reverse transcription (qRT)-PCR, ALK1 was undetectable in PC3 and PC3-M PCa cells (Figure 5a ). ALK2 has the highest sequence homology with ALK1 (ten Dijke et al., 1993) . Further, ALK1 and ALK2 bind common ligands, interact with common RII subtypes, and mediate TGFb-associated function (Attisano et al., 1993; Ebner et al., 1993a, b; Miettinen et al., 1994; Ward et al., 2002; Goumans et al., 2003; Lebrin et al., 2004; Blanco et al., 2005; Desgrosellier et al., 2005) . Using qRT-PCR, we found that ALK2 was expressed at high levels in PCa cells, and was over fourfold higher than ALK5 in both PC3 and PC3-M cells (Figure 5a ).
The importance of ALK2 and ALK5 in ENGmediated effects upon cell motility was evaluated next. ALK2 (siALK2) and ALK5 (siALK5) siRNA was first shown to effectively and specifically suppress ALK2 and ALK5 transcript levels, respectively (Supplementary Figure 2) . As can be seen in Figure 5b -e, ENG decreased cell migration and invasion in siNeg (nontargeting siRNA) cells in either the presence or absence of TGFb1. Importantly, siALK2 abrogated ENG's antimotility effects, and in fact increased motility to levels above those observed with VC cells. Interestingly, siALK2 had little-to-no effect upon cell motility in VC cells, consistent with ALK2-mediated regulation of cell motility being dependent upon ENG. In contrast, siALK5 had no impact upon ENG function in the presence or absence of TGFb1. However, in VC cells, siALK5 decreased cell motility only in the presence of TGFb1, consistent with the pro-motility role of TGFb-ALK5. These findings demonstrate that ALK2 is Cell transfection and FACS analysis were performed as described in the Materials and methods. All experiments were repeated with similar results.
Endoglin inhibits motility through ALK2-Smad1 CS Craft et al necessary for ENG-mediated suppression of cell motility in human PCa. Studies next evaluated the dependency of ENG upon ALK2, for activation of the Smad1-responsive BRE2 promoter. In VC cells, BRE2 activity was low overall, was decreased by siSd1, was unaffected by siALK2, and was slightly increased by siALK5 (Figure 5f ). In ENG cells, promoter activity increased by more than fivefold compared to VC-siNeg cells. Importantly, in ENG cells, siALK2 and siSd1 both reduced Smad1 promoter activity, as compared to siNeg, and siALK5 had no appreciable effect. These findings demonstrate that ALK2 supports ENG-mediated Smad1 activation.
To determine whether constitutively active ALK2 could induce an ENG phenotype in the absence of ENG, cells were transfected with wild-type ALK2 (HA-ALK2), constitutive active ALK2 (HA-caALK2) or with ENG, and cell invasion and Smad1 promoter Figure 1 . After treatment of cells with TGFb1 (or not) for 30 min, resultant cell lysates were then probed by western blot for phosphorylated-Smad1, -2 and -3 (pSmad1, -2 and -3); total Smad1, -2 and -3 (Smad1, -2 and -3) and GAPDH, as described in the Materials and methods. Note: the pSmad1 and -3 blot for cells not treated with TGFb1 was exposed longer than the TGFb1 treated group in an attempt to detect pSmad3. (b and c) ENG enhances Smad1 promoter activity. Cells were co-transfected with ENG or VC, b-gal and BRE2-luciferase (BRE2-Luc) (b) or CAGA12-luciferase (CAGA12-Luc) (c). Six hours after changing to serum-free media, cells were treated with the indicated concentration of TGFb1 for 18 h, and luciferase activity measured. VC cells not treated with TGFb1 were normalized to 1.0 for each reporter construct. (d) Smad3 promotes cell invasion and Smad1 decreases it. Cells were transfected with the indicated ratios of Smad3 and -1, along with b-gal, and cell invasion measured. Data are the mean7s.e.m. (N ¼ 4) of a single experiment, with similar results seen in a separate experiment (also N ¼ 4). Compared to cells transfected with equal amounts of Smad3 and -1, * denotes values that differ by Po0.05 (two-sided t-test). The effects of different ratios of transfected Smad3 and -1, upon promoter activity (e; luciferase assay) and protein expression (f; western blot) are depicted. For promoter activity, cells were co-transfected with BRE2-Luc or CAGA12-Luc, as indicated. * and # denote values for BRE2-Luc and CAGA12-Luc, respectively, which differ from cells transfected with equal amounts of Smad3 and -1 with a P-value of o0.05. For all promoter assays, luciferase activity was normalized to b-gal; depicted values represent the mean7s.e.m. of two experiments performed on different days (N ¼ 2 for each experiment).
Endoglin inhibits motility through ALK2-Smad1 CS Craft et al activation were measured (Figure 5g-i) . HA-caALK2 decreased the invasion of ENG-deficient cells, and did so to the same degree as was seen by ENG replacement (Figure 5g) . Similarly, both HA-caALK2 and ENG significantly increased Smad1 promoter activity (Figure 5h ).
Effects in other prostate cells
To rule out the possibility that the above studies were limited to PC3-M cells, a series of investigations were performed with PC3 PCa cells. Compared to PC3-M cells, PC3 cells express higher levels of ENG (Liu et al., 2002) , are less invasive (Huang et al., 2005) , have a lower propensity to detach (Bergan et al., 1996b) , are less metastatic (Kozlowski et al., 1984) and are B10-fold less sensitive to TGFb (as assessed by growth inhibition) .
ENG decreased invasion, and abrogated TGFb-mediated increases in invasion, in PC3 cells (Figure 6a ). Smad1 phosphorylation was enhanced by ENG, in the presence or absence of TGFb1, with little-to-no effect upon Smad2 or Smad3 phosphorylation (Figure 6b ).
Using siRNA to knockdown ALK2, ALK5 or Smad1, as indicated, we then confirmed that Smad1 and ALK2 were necessary for ENG-mediated decreases in cell invasion, in the presence or absence of TGFb1 ( Figure  6c and d) . Also, similar to PC3-M cells, knockdown of ALK5 inhibited TGFb1-mediated cell invasion in VC cells while having little-to-no effect in ENG expressing cells (Figure 6d ). Finally, constitutive active ALK2 decreased invasion and increased Smad1 promoter activity in ENG deficient PC3 cells, thus giving them the same phenotype as ENG replete cells (Figure 6e-g ). In total, findings in PC3 cells corroborate those found in PC3-M cells.
Discussion
We demonstrate for the first time that ENG abrogates TGFb-mediated increases in PCa cell motility. Both Smad1 and ALK2 were shown to be necessary for ENGmediated suppression of cell motility. Though Smad1 activity has previously been linked to the presence of 
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Endoglin inhibits motility through ALK2-Smad1 CS Craft et al ENG (Lebrin et al., 2004; Blanco et al., 2005; PeceBarbara et al., 2005) , this was the first time that it had been shown to be necessary for ENG function. Further, it is also the first time that ALK2 has been linked to ENG function. Finally, to our knowledge this is the first time Smad1 and ALK2 have been shown to suppress PCa cell motility. From these findings, we propose a model for ENG-mediated regulation of PCa cell motility ( Figure 7 ). In this model, ENG expression facilitates ALK2-mediated Smad1 activation, thereby suppressing cell motility. During PCa progression, ENG expression is lost (Liu et al., 2002) . Under conditions of low ENG expression, TGFb-mediated activation of the ALK5-Smad3 pathway predominates, thereby increasing cell motility.
The current findings neither prove nor refute independent activation of the TGFb-ALK5-Smad3-pro-motility and the ENG-ALK2-Smad1-anti-motility pathways. In particular, ENG was shown to selectively activate Smad1, as compared to Smad3. Conversely, Endoglin inhibits motility through ALK2-Smad1 CS Craft et al TGFb was shown to activate Smad3 promoter activity, but not Smad1 promoter activity. These findings suggest that Smad1 and Smad3 are independently activated. However, TGFb did in fact increase Smad1 phosphorylation, thus providing evidence of cross-talk between the pathways. Also, the ratio of Smad3 to Smad1 appeared to be an important determinant of cell motility, thus suggesting interaction between the pathways. Given that TGFb-mediated phosphorylation of Smad1 did not translate into increased Smad1 promoter activity, additional regulatory mechanisms are implicated. Ongoing investigations are seeking to elucidate these co-regulatory mechanisms.
In the current system, ENG did not alter TGFb binding to the cell surface. Lastres et al. (1996) also found that the long isoform of ENG (used here) did not alter TGFb binding, while Letamendia et al. (1998) found that ENG slightly increased TGFb binding. Although we have shown that ENG does not affect overall TGFb surface binding, and that TGFb does not alter ENG's regulation of Smad1 promoter activation or cell motility, we cannot completely rule out the possibility that ENG's effects do not require TGFb, or that of another ligand.
In accordance with our findings in PCa cells, others have shown in endothelial cells that ENG promotes Smad1 activity (Lebrin et al., 2004; Blanco et al., 2005) . However, in contrast to our findings, those groups found that ENG-mediated Smad1 promoter activation was enhanced by TGFb. Importantly, though TGFbmediated activation of Smad1 promoter activity differs between endothelial and PCa cells, within a given cell type, responses are consistent with the corresponding ENG function studies. Specifically, in endothelial cells, both ENG function and Smad1 promoter activation are responsive to TGFb (Lebrin et al., 2004) . In contrast, in PCa cells we show that both ENG function and Smad1 promoter activation are unaffected by exogenous TGFb. Finally, Lebrin et al. (2004) reported that in endothelial cells, TGFb-mediated Smad1 phosphorylation is associated with Smad1 promoter activation. In contrast, in PCa cells we show that TGFb-mediated Smad1 phosphorylation is not associated with Smad1 promoter activation. These findings support the notion that similar pathways may have important differences in different cell types. Thus, they highlight the importance of evaluating pathway-specific function in a given cell type, and the potential pitfalls associated with generalization of function.
In light of these cell type-specific differences, we thought it important to elucidate a mechanism by which ENG promoted Smad1 signaling. We found that the mechanism in PCa cells was, in fact, different from that described in endothelial cells. Specifically, the RI subtype, ALK2, was shown to facilitate ENG-mediated activation of Smad1 promoter activity and function in PCa cells. In endothelial cells, it is ALK1 that facilitates ENG function (Lebrin et al., 2004; Blanco et al., 2005) . We were unable to detect ALK1 expression in PCa cells, but found that ALK2 is highly expressed. As ALK1 and ALK2 are highly homologous (ten Dijke et al., 1993) , it is not surprising that they perform related functions. It is likely that differences between ALK1 and ALK2 contribute, at least in part, to differences in ENG function observed between endothelial and PCa cells.
ALK5 represents the canonical TGFb superfamily RI subtype which activates Smad3 (Massague, 1998) . Thus, it was thus not surprising that we found that Smad3 enhanced cell motility and that loss of ALK5 abrogated TGFb-induced cell motility. Our data suggest that ENG functions independently of ALK5 in PCa cells. This finding was surprising because in endothelial cells, ALK5 appears to be important for ENG-ALK1-mediated function (Lebrin et al., 2004) . Though we have not proven that ENG interacts with a TGFb family receptor complex in human prostate cells, a potential explanation is that ENG may facilitate ALK2-homodimer interaction with an RII. It will be important to decipher the mechanism by which ENG, ALK2 and Smad1 functionally interact to inhibit PCa cell motility. These studies are currently under way.
In summary, ENG-mediated decreases in PCa cell motility were shown to be facilitated by ALK2 and Smad1. Loss of ENG expression seen with PCa progression would thus minimize opposition to the TGFb-ALK5-Smad3-pro-motility pathway, thereby tipping the balance in favor of increased cell motility. Additional studies will be necessary in order to understand interactions between these two pathways likely taking place at the level of cell surface receptors, as well as at the level of Smad subtype activation.
Materials and methods
Antibodies
Anti-ENG-phycoerythrin (PE) (R&D Systems, Minneapolis, MN, USA), anti-ENG (clone 35; BD Biosciences, San Jose, CA, USA), anti-phosphorylated-Smad3,-1 (detects Smad3 Ser423/425/Smad1 Ser463/46) and anti-Smad2,-3 (Cell Signaling Technology, Danvers, MA, USA), anti-phosphorylated Smad2 (detects Ser465/467); Chemicon, Temecula, CA, USA), anti-Smad1 (Upstate Biotechnology, Lake Placid, NY, USA), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, clone: CSA-335E; Stressgen, Victoria, CA, USA), anti-HA (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Anti-mouse, anti-rabbit IgG-horseradish peroxidase from Amersham Pharmacia Biotech (Piscataway, NJ, USA). (Wrana et al., 1992; Wieser et al., 1995; Ulloa et al., 1999) ); ENG-long isoform pcDNA3 (described by us (Liu et al., 2002) ); HA-ALK2 pCMV5 (provided by Andreas Lux, University of Applied Sciences Mannheim, Germany and described by Jeff Wrana (Attisano et al., 1993) ; constitutively active (Q207D) ALK2 pCMV5 (caALK2) was engineered by site-specific mutagenesis using the Quickchange II (Stratagene, La Jolla, CA, USA) system. Constructs were confirmed by sequencing.
Cell culture and transfection
The origin and culture conditions for PC3 and PC3-M established cell lines have been described (Bergan et al., 1996b) . 
Cell migration and invasion assays
Cell invasion and migration assays were performed as described, with modifications (Huang et al., 2005) . Cells were co-transfected with b-gal and expression vector. Cells invaded through a gelatin-coated Nuclepore Track-Etch Membrane, with 8 mm pores (Whatman, Clifton, NJ, USA), toward serumfree NIH-3T3 conditioned medium. Migration assays utilized uncoated membranes. Transfected cells were visualized with a b-gal staining kit (Stratagene), and the percent invadedtransfected cells counted.
Flow cytometry
Flow cytometric analysis (FACS) was performed as described, with modifications (Bergan et al., 1996a) . Cell surface TGFb1, ENG and TGFbRII were detected using a TGFb1 flurokine assay kit (containing biotinylated-TGFb1, TGFb1-blocking antibody and biotinylated-negative control protein), anti-ENG-PE-conjugated IgG and anti-TGFRII-PE IgG, respectively (all from R&D Systems) as per the manufacturer's instructions. Median fluorescent intensity was determined on a Beckman Coulter (Fullerton, CA, USA) Epics-XL-MCL flow cytometry machine.
Western blot 24 h after plating, cells were serum starved for 8 h, then treated with 2 ng/ml TGFb1 (or not) for 30 min before cell lysis. Western blotting of equal amounts of resultant protein was performed as described .
Smad promoter luciferase reporter assays
Cells were co-transfected with the indicated luciferase reporter and b-gal. Luciferase and b-gal activity were measured as described (Hayes et al., 2003) , using luciferase and bgalactosidase Assay Systems (Promega, San Luis Obispo, CA, USA) as per the manufacturer's instructions.
qRT-PCR RNA isolation and real time qRT-PCR were performed as described (Ding et al., 2006) . Reactions were run in duplicate on a single Applied Biosystems 7500 Real Time PCR workstation, using a TaqMan universal PCR kit and validated gene-specific exon spanning primers and probe sets (all from Applied Biosystems, Foster City, CA, USA). Gene expression was normalized to GAPDH.
